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Abstract
The so-called “Acheulean” is comprised of individual knapping events undertaken by individual
hominins. In other words, it is a particular component of hominin behavior that we draw out and
amalgamate into a wider “pattern.” The resultant phenomenon (i.e., “the Acheulean”) is an entity that
stretches over the space of three continents and spans a time period in excess of one million years. If
such an exercise has any merit, it is because it provides a means of comparative (behavioral) analysis
over these swathes of time and space. Comparative research can document, measure, and statistically
assess temporo-spatial patterns of artifactual variation, and so test hypotheses regarding the character
of that variation. However, comparative research alone is not sufficient to fully understand this
archaeological legacy. Here, we review and synthesize recent experimental work that we have
undertaken, which has specifically investigated some of the factors potentially responsible for the
generation and constraining of variation within the Acheulean techno-complex. We examine issues of
raw material, copying errors, and their relationship to mechanisms of social learning. Understanding
these microevolutionary factors via experiments, we contend, is essential in order to reach a secure
understanding of the macroscale phenomenon typically referred to as the “Acheulean.”
Introduction
The first one and a half million (plus) years of knapped stone tool technology consisted of cores and
the sharp flakes struck from them (Semaw, 2000; Roche, 2005; Schick and Toth, 2006; Harmand et
al., in press). Despite their seeming simplicity, the routine production of such cutting tools appears
unique to the hominin lineage (Roux and Bril, 2005; Shumaker et al., 2011), and consequently, this
technological innovation is regarded as a fundamental step along the journey toward the eventual
emergence of our own species (Isaac, 1983; Shipman and Walker, 1989; Ambrose, 2001; Rogers and
Semaw, 2006). From around 1.7‒1.5 million years ago, however, hominins began to produce entirely
new forms of artifacts, most notably, so-called “handaxes” (Lepre et al., 2011; Beyene et al., 2013).
The production of these novel artifacts marked a shift away from cores and nodules being seen
simply as an item to be struck in order to produce flakes, to a situation where knapping events were
strung together in a manner that resulted in a characteristic residual form—i.e., the “handaxe”
(Roche, 2005; Gowlett, 2006). Although much remains to be learned regarding details of their
functions and applications in specific circumstances, in general terms, the archaeological contexts of
such artifacts, residue analyses, cut-mark analyses, design theory, and experiments, combine to
suggest they plausibly performed a variety of functions as cutting and/or chopping tools (Jones,
1980; Roberts and Partfitt, 1999; Domínguez-Rodrigo et al., 2001; Simão, 2002; Gowlett, 2006;
Bello et al., 2009; Yravedra et al., 2010; Solodenko et al., 2015).
Following their initial appearance, the production of handaxes was an activity undertaken by hominin
populations for over one million years (Haslam et al., 2011). Moreover, hominins engaged in
production of these tools over a geographic range that stretched from South Africa to Britain, and
from the Iberian Peninsula to the Indian subcontinent (Clark, 1994; Schick, 1998; Gowlett, 2011).
Indeed, it is now clear that definite pockets of handaxe production took place east of the so-called
“Movius Line,” even if debates regarding the chronology, comparability, and relationship of these
East Asian examples rumble on (Hou et al., 2000; Norton et al., 2006; Lycett and Gowlett, 2008;
Petraglia and Shipton, 2009; Norton and Bae, 2009; Lycett and Bae, 2010; Li et al., 2014; Wang et
al., 2012, 2014). Rightly or wrongly, the geographic and temporal expanse of these characteristic
artifacts has famously been referred to in the collective as “the Acheulean” (Wynn and Tierson, 1990;
Schick, 1998; Gowlett, 2011). As recent commentators have noted, although this entity has curiously
been defined in a variety of different ways over the years, it is the presence of handaxes more than
any other criterion that tends to lead to a particular site or assemblage being characterized as
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“Acheulean” (Lycett and Gowlett, 2008; Diez-Martín and Eren, 2012; Domínguez-Rodrigo et al.,
2014).
By any standards, the “Acheulean” is a phenomenon that evokes immediate questions. In basic terms,
it simply represents a pattern of repeated hominin behavior (i.e., biface production) over the course
of one million (plus) years over three different continents. This repetition of handaxe production is,
of course, likely driven by shared functional needs on the part of its producers over time and space;
as Gowlett (2011: 100) has put it, “a culturally maintained set of functional solutions to everyday
tasks which recur.” However, that commonality of behavioral pattern—at least in general terms—
provides a basis for comparative research at the archaeological level (Wynn and Tierson, 1990;
Vaughan, 2001; Lycett and Gowlett, 2008; Petraglia and Shipton, 2009; Chauhan, 2010; Wang et al.,
2012). In other words, an essential part of studying the Acheulean is to understand its potential
variability, both in temporal and geographical terms. Comparative research can document, measure,
and statistically assess temporo-spatial patterns of artifactual variation, and so test hypotheses
regarding the character of that variation. However, experiments, we contend, are an additional but
vital way in which the mechanisms that both generate and constrain variation within the Acheulean
can be more securely understood. Here, we review and synthesize recent experimental work that we
have undertaken, which has specifically investigated some of the factors potentially responsible for
the generation and constraining of variation within the Acheulean techno-complex. We relate our
discussion of this experimental work to cultural microevolutionary considerations, which specifically
relates patterns of variation to issues of social learning. In closing, we show how an understanding of
these issues is an essential element in understanding Acheulean temporo-spatial variation, and the
constraint of that variation, in cultural evolutionary terms. In other words, this synthesis of various
experimental findings and microevolutionary principles provides insights regarding the Acheulean at
the macroevolutionary level.
Acheulean variation in the raw: toolstone “constraints” investigated experimentally 
Raw material factors have long been considered to exert an influence on the form and composition of
lithic assemblages (Goodman, 1944), and the role of raw material has been frequently deliberated
over in specific regard to variation within the Acheulean techno-complex (e.g., Isaac, 1977; Jones,
1979; Wynn and Tierson, 1990; Roe, 1994; Schick 1994; Clark, 2001; Noll and Petraglia, 2001;
Sharon, 2008; Archer and Braun, 2010; Costa, 2010; Wang et al., 2012; among many others). The
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suspected link between lithological factors and resultant artifactual form is, of course, a logical
outcome of the fact that the medium with which any artisan is working might have properties that
affect given outcomes. Both the internal and external properties of rock types have been considered
within the context of such debates. In the case of a rock’s internal characteristics, factors such as
isotropy, homogeneity, brittleness, hardness, and granularity have frequently been considered
pertinent, all of which ultimately relate to the mineralogy and microstructure of particular rock types
(Goodman, 1944; Callahan, 1979; Whittaker, 1994; Andrefsky, 1998). External characteristics that
may be relevant include the size, shape, and regularity of the material to be knapped, as well as
whether cortex is present or absent (Ashton and McNabb, 1994; Jennings et al., 2010; Smallwood,
2010; Eren et al., 2011). The presence of cortex is potentially important since it has been shown that
rock types possessing cortex may in fact behave in terms of some properties (specifically rebound
hardness) in two distinct ways, with cortical material acting as one distinct rock type, while the
uncortical surface of the same rock can act more similarly to other rock types entirely (Eren et al.,
2014).
The seemingly logical notion that rock variability will be a major, if not the major factor, driving
variability in Acheulean handaxe form could, however, be potentially overstated. Artifacts, by
definition, involve a behavioral component in their formation. There is obviously a risk of circularity
in assuming that just because rock types differ at two different Acheulean localities and the properties
of artifacts at those two sites also differ, then causality for the latter must automatically reside in the
former. Indeed, based on empirical study of Acheulean assemblages, some have recently questioned
the extent to which variability in the forms of artifacts such as handaxes is necessarily driven solely
by raw material factors (e.g., Sharon, 2008; Costa, 2010).
As we have noted, however, handaxes are the product of multiple knapping events sequentially
strung together in order to produce their characteristic properties (Roche, 2005; Gowlett, 2006). If
raw material exerts an influence at each individual flaking event, then such effects will obviously be
cumulative, potentially leading to divergent outcomes in differing rock types, even if a knapper is
striving toward the same overall goal. A major point to consider here, therefore, is whether
differences in the internal and external properties of different rock types automatically conspire to
produce statistical differences in handaxe form in such a manner.  Addressing this specific question
on the basis of the archaeological record alone poses serious challenges, not least of which is that
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directly relevant factors—such as differing knapper skills and intentions—cannot be observed
directly and might also vary from site to site. Experimental approaches to this issue, however, have
the advantage that factors such as knapper skill and intention can be strategically controlled (i.e., held
constant) and so help highlight any particular effect that raw material may exert in this context.
Given these factors, we (Eren et al., 2014) recently undertook an experiment designed expressly to
determine if raw material differences automatically result in divergences in the statistical shape
properties of handaxes produced on them. One of us (MIE), an expert knapper with 13 years of
experience at the time of the experiment, undertook the task of copying a specific “target” handaxe
from nodules of three distinct rock types: flint, basalt, and obsidian. Prior to the experiment, a series
of formal analyses were undertaken to assess differences in the internal and external properties of
these three categories of raw material. Measurements (n = 7) taken on the external dimensions each
of the nodules (n = 105) were subjected to statistical analysis. These analyses indicated that both the
initial sizes and shapes (size-adjusted data) of nodules in each raw material class exhibited
statistically significant differences. Thin section microscopy, rebound hardness tests, and biaxial
flexure analyses were undertaken to examine the microstructure, mineralogy, and mechanical
properties of each raw material. These tests indicated distinct differences in the mineralogy, hardness
(rebound) values, and mechanical behavior (peak breakage loads) across each of the three raw
materials (see Eren et al., 2014 for full results).
The expert knapper (MIE) was instructed to copy the shape of a handaxe made by another of the
investigators (SJL). The target “model” handaxe (Figure 1) was manufactured on flint from a
different source from that used in the experimental data, and exhibited an overall roughly
symmetrical profile in three dimensions with low width/thickness ratio (3.33:1), so resembling
handaxes of the “Late Acheulean” (Edwards, 2001; Wynn, 2002). This form of handaxe was
deliberately chosen for the experiment so as to challenge the knapper within the context of Acheulean
handaxe variation as a whole. The knapper then attempted to copy the shape of the model handaxe
using 35 nodules of each of the three different raw materials, thus producing a total of 105
experimental handaxes. To mitigate the effects of learning during the course of knapping the replicas,
the order in which different materials were knapped was rotated (flint, basalt, and obsidian). In
knapping the replicas, the same set of tools was used throughout the experiment (three antler billets
and four hammer stones). 
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Following this stage, a dataset of 29 morphometric variables was obtained for each replica handaxe
and the target-model using a standardized orientation protocol (Schillinger et al., 2014a). Thereafter,
Eren et al. (2014) transformed the obtained linear measurements into shape variables via the
geometric mean method (Jungers et al., 1995; Lycett et al., 2006). This method efficiently controls
for scaling (i.e., size) variation between objects by creating a dimensionless, scale-free variable while
preserving shape variation between them (Falsetti et al., 1993; Jungers et al., 1995). For the main
analyses, we predicted that if raw material properties (external and/or internal) were an absolute
driver of handaxe shape, then statistically significant differences in shape should be determinable
across the handaxes made on each category of raw material. Moreover, it might also be reasonably
predicted that if raw material differences were systematically influencing the knapper’s ability to
copy the shape of the model accurately, then the magnitude of copying errors in specific handaxe raw
material groups should be statistically different. These predictions were tested using a combination of
univariate and multivariate statistical methods.
A multivariate analysis of variance (MANOVA) of the 29 size-adjusted shape variables indicated no
significant differences between the three groups of handaxes made on each of the different raw
material classes using two different test statistics (Wilks’ Lambda: F = 0.893, df = 148, p = 0.684;
Pillai’s Trace: F = 0.902, df = 150, p = 0.668). In other words, handaxe shapes were not significantly
different across the three different categories of raw material (Figure 2). Indeed, overall levels of
shape variability in each of the three raw material categories and their comparability to the target-
model handaxe can be visualized using Principal Component Analysis (PCA). Figure 3 shows the
output from this PCA analysis. As can be seen, consistent with the MANOVA results, the model falls
close to the center of the variability seen in the handaxes made on all three raw materials. We also
undertook an analysis of variance (ANOVA) on the multivariate Euclidean distances between each
replica and the model using all the available PC scores. This enabled us to test for significant
differences in the average divergence of shape between the replica handaxes and the model across the
different raw material groups. The ANOVA found no significant differences (F = 1.886; p = 0.157),
indicating that the overall magnitude of copying errors across handaxe raw material groups was not
statistically different.
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In sum, Eren et al.’s (2014) analyses indicate that the demonstrable differences in the external and
internal properties of the three raw material categories were not systematically influencing the
knapper’s ability to copy the shape of the target-model handaxe. Indeed, we even found that in terms
of central tendencies, the economy of reduction was statistically identical across raw materials, thus
indicating that—on average—the knapper did not need to remove significantly different quantities of
material to achieve the same shape effects in the three different raw materials. At this juncture it
should be emphasized that these results do not indicate that raw material is of no influence when
examining Acheulean handaxe variation in the archaeological record. What they do demonstrate,
however, is that evident differences in raw materials do not automatically or necessarily result in
differences of handaxe shape. Thus, these results demonstrate the dangers of assuming that raw
material factors are the primary driver of between-assemblage handaxe variation in the
archaeological record. In other words, they emphasize an inherent problem in assuming that just
because handaxe shape properties at different Acheulean localities differ, and raw materials at those
same sites also differ, that causality for the shape differences can be automatically attributed to raw
material factors.
These results further demonstrate the potential for knapper behavior to mitigate differences in the
internal and external properties of various raw materials, and so ameliorate their effects at the level of
the eventual artifact. Indeed, the results of this experiment are congruent with several studies of
archaeological data, which suggest that to fully explain differences in the attributes of stone artifacts
across time and space, factors other than raw materials must be invoked (e.g., Sharon, 2008;
Clarkson, 2010; Costa, 2010; Smallwood, 2012; Buchanan et al., 2014). In fact, although standard
logic has frequently suggested otherwise, on the basis of the results described, it may be more
appropriate to rule out other factors prior to attributing differences in lithic assemblages to raw
material effects, just as in comparative biology, where internal historical factors are controlled for
prior to asserting a prominent role for external factors (e.g., Nunn, 2011). Indeed, we are by no
means the first to urge controlling for cultural-historical dynamics prior to asserting a role for
extraneous causation in behavioral data (e.g., Mace and Pagel, 1997).
Social learning and Acheulean variation: mechanisms and mutation
A specific aim of cultural evolutionary approaches is to study the mechanisms and processes that
underlie particular temporal and spatial trends (e.g., Cavalli-Sforza and Feldman, 1981; Boyd and
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Richerson, 1985; O’Brien and Lyman, 2000; Mesoudi and O’Brien, 2008; Mesoudi, 2011; Shennan,
2011; Jordan, 2015; Lycett, 2015). Specifically, this framework emphasizes the co-occurrence of
three properties that operate in forming a system of “descent with modification” (i.e., cultural
evolution). These three properties are: (1) a mechanism of social learning that acts as a mode of
inheritance; (2) that entities within a population vary in their characteristics; and (3), that various
factors (random and/or non-random) create a situation whereby variation (discrete or continuous)
seen in one generation is not necessarily represented in identical frequency in the following
generation (Mesoudi, et al., 2004). Inevitably, therefore, this framework simultaneously emphasizes
the study of mechanisms that allow fidelity (i.e., continuity) in the case of traditions, while also
asking questions regarding the generation of variation.
As we have noted, one of the most striking features of the Acheulean is its endurance over time and
space as a behavioral pattern: repeated bouts of handaxe production over three continents and for in
excess of one million years. This durability is perhaps even more striking in the light of recent work
that has highlighted how traditions of handaxe manufacture are likely to have been inherently
unstable due to key microevolutionary processes operating at the level of the individual knapper. For
instance, Kempe et al. (2012) recently examined the effect of copying error on size variation in
Acheulean handaxes, a phenomenon that is an inevitable feature whenever artifact forms are copied
manually (Eerkens, 2000; Eerkens and Lipo, 2005; Hamilton and Buchanan; 2009; Schillinger et al.,
2014a, 2014b). Kempe et al. (2012) simulated the effects of cumulative copy errors in perceptions of
an artifact’s size utilizing average error rates (3.43% for a given dimension), which they had
established via experiments using images of Acheulean handaxes. Their experimentally-informed
simulations suggested that in as little as 4,000 years, variation resulting from cumulative copy errors
would exceed that seen in a large sample (n = 2061) of temporally diverse Acheulean handaxes.
Kempe et al. (2012) concluded that specific processes must, therefore, have counteracted the
inevitable increase in variation generated by perceptual copying error in relation to size parameters of
Acheulean handaxes.
It is important to note that Kempe et al.’s (2012) experiment examined only error that might accrue
from copying the size (i.e., scale) of dimensional attributes associated with Acheulean handaxes.
However, as we have noted, it is the characteristic shape properties of handaxes that are perhaps their
most prominent feature (Wynn, 1995; Roche, 2005). Size and shape are two distinct properties of any
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physical object (Bookstein, 1989; Jungers et al., 1995). Put simply, size is a univariate property of
any artifact and, as such, can be adequately described by a single continuous variable such as
“volume” or, in one dimension, by a single attribute such as “length.” Shape, however, is intrinsically
a multivariate property, which cannot be adequately described univariately, depending as it does on
the necessary interrelationship between multiple aspects of an artifact’s form. Handaxes, by
definition, have specific three-dimensional shape properties over their surface areas, especially
relating to the interrelationship between multiple dimensions of their relative length, width, and
thickness attributes (Gowlett, 2006).
Schillinger et al. (2014a) recently demonstrated that the shape properties of knapped artifacts, such as
handaxes, are likely to be particularly prone to copy errors, even on a relative basis with other classes
of artifact. This experiment specifically tested a hypothesis originally put forward by Deetz (1967),
which proposed that artifacts produced via “reductive” manufacturing techniques would be more
prone to copying errors than those produced via manufacturing processes that can incorporate both
the addition and removal of material. Knapping, of course, is an inherently reductive manufacturing
process; no flake, once removed can be added back onto the core to correct an error (Baumler, 1995:
11). The manufacture of an artifact such as a pot, however, is not so limited; material can either be
added or removed to create the final shape. According to Deetz (1967), the implications of this are
that different manufacturing processes may have inherently different tendencies in terms of
artifactual copying error. 
Schillinger et al. (2014a) tested this hypothesis experimentally, with specific regard for shape
copying error independently of size. Experimental participants took part in an activity which
involved copying the shape of a “target” artifact (a replica handaxe made on flint) from a
standardized block of modelling clay using a steel table knife. The participants were divided into two
different experimental conditions. In the first condition, participants (n = 30) were instructed to copy
the “target” model by only removing material, whereas participants in the alternative condition (n =
30) were instructed that they could both freely remove and add material during the course of the
experiment. Mean shape copy error rates (determined by morphometric analysis) in the two
conditions were then compared statistically. A conservative nonparametric test clearly established
that mean shape copying error rates were significantly higher (Mann-Whitney U = 621.5, Monte
Carlo p = 0.0199) in the “reductive-only” condition compared to the “additive-reductive” condition.
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In other words, Schillinger et al.’s (2014a) experiment established that “mutation rates” in the shape
properties of artifacts resulting from copy error are process dependent, and that reductive processes
are especially error prone.
Such findings are particularly relevant in considerations of Acheulean handaxe variation, since they
suggest that such artifacts—necessarily produced via a reductive process of knapping—will have
relatively high shape mutation rates, at least on a comparative basis with artifacts produced via
alternative means. Taking Kempe et al.’s (2012) and Schillinger et al.’s (2014) results together, this
would imply that the size and shape characteristics of handaxes observed in the Acheulean will have
been inherently unstable, even if learning of handaxe properties was guided to some extent by
copying the form of artifacts made by others. The potency of shape mutation rates instigated by this
type of process is amply illustrated in Figure 4, based on previously unpublished data. Here, 15
experimental participants were asked to copy the three-dimensional shape properties of an artifact in
the form of a “transmission chain,” whereby each participant copied the “artifact” produced by a
previous participant. Transmission chains of this form are being increasingly used to study social
learning processes (Mesoudi and Whiten, 2008). The transmission chain in Figure 4 was initiated by
use of a “target” model artifact, which was deliberately designed to resemble an Acheulean handaxe.
The “target” model and all subsequent copies of it were manufactured from standardized blocks of
foam (22.3×11×7.8 cm) using a plastic table knife. The high-density foam blocks used in this
experiment are designed to be used by professional florists to securely hold the stems of artificial
flowers. The material is robust to handling, but designed to be malleable so that it can be easily cut
and modified into desired sizes and shapes using commonplace implements such as knives and
scissors. All participants were instructed to copy the shape of the previous participant’s artifact as
accurately as possible, whom they had not seen manufacture the piece (i.e., they saw only the end
product of the previous stage in the chain). The rapid degradation of shape that occurs in both plan-
form (Figure 4a) and profile views (Figure 4b) can readily be seen over the course of the 15
transmission events. Although just a single example, this transmission chain visually illustrates the
potentially large effects of cumulative copying error, which could result in the degradation and
eventual “collapse” of a particular behavioral pattern (e.g., handaxe manufacture).
Given these findings regarding the inherent instability of any reductive artifactual tradition that
contains specific shape properties, the temporal and spatial entity referred to as “the Acheulean” is
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arguably more striking than ever.  Put simply, it is reasonable to ask what mechanisms are likely to
have been in place to countermand such mutation rates. Some (e.g., Mithen, 1999) have suggested
that the spatio-temporal duration of the Acheulean alone must imply the existence of an imitative
learning mechanism, whereby not merely the artifact form was copied (emulative learning), but that
aspects of techniques and behavioral gestures used by hominins involved in handaxe manufacture
must also have been copied (imitative learning). Individual (“trial-and-error”) learning might also
have helped to reduce the effects of shape copying error in traditions of handaxe manufacture, at least
once the notion of a “handaxe” had been instilled via other mechanisms of social learning such as
stimulus enhancement and emulation (for definitions of these various social learning mechanisms,
see e.g., Whiten et al., 2004; Lycett, 2015). 
As recently noted by Lycett et al. (2015), however, there are reasons to be cautious that trial-and-
error learning alone can explain the scale of the Acheulean in the face of relevant mutation rates. One
pertinent factor here, which has gone surprisingly under-discussed in considerations of Acheulean
social learning is the inherent costs and risks involved in knapping. Knapping obviously involves the
deliberate removal of razor-sharp flakes via percussive striking of a stone mass, as well as smaller
sharp chips being thrown into the air. In such an environment, painful open wounds, bleeding, eye
damage/loss, risk of infection to wounds, as well as sprains or damage to ligaments and muscles, are
all occupational hazards. Indeed, the ethnographic literature relating to historically documented
peoples that rely (or relied) upon knapped stone technology makes reference to such injury risks
(e.g., Pope, 1918: 117; Kroeber, 1961: 184; Hampton, 1999: 267). Contemporary knappers that
engage in this craft for scholarly reasons and/or recreation wear protective equipment such as eye-
goggles, work gloves, leather pads, and leather hand-scraps in a direct attempt to avoid these kinds of
injury. One contemporary flintknapper severed the tendons in a finger with a seemingly innocuously-
sized flake (~20×5 mm) and which, even despite corrective surgery, led to permanent debilitation in
the knapper’s hand (Whittaker, 1994: 3-4). In a prehistoric context, the list of potential injuries that
accompany this activity could have proven fatal. On the basis of these considerations, individual
(trial-and-error) learning would seem an inherently risky and costly undertaking in the case of
knapping. Of course, the production of handaxes requires the successful execution of extended and
strategically organized knapping sequences, and learning to effectively reproduce items that resemble
prehistoric handaxes takes months, if not years of practice, even for modern humans (Edwards 2001;
Stout 2005). Studies of learning strategies across a diverse range of animals show that greater
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emphasis will be placed on social learning mechanisms whenever individual learning is more costly
(e.g., Mineka and Cook, 1988: Chivers and Smith, 1995; Kelley et al., 2003) and this pattern has also
been supported experimentally in the case of humans (Mesoudi and O’Brien, 2008).
Given these combined factors, Lycett et al. (2015) recently argued that the costs associated with the
knapping of handaxes would encourage the adoption of imitative learning mechanisms, specifically
because these would facilitate learning so as to countermand the inherent effects of copying error, but
at reduced risk to novice knappers compared with total reliance on individual (trial-and-error)
learning and emulation. Lycett et al. (2015) noted that further research was necessary to support this
proposition. One pertinent factor here, is that despite the widespread assumption that imitation is a
relatively “high fidelity” means of social learning compared even to emulation (e.g., Byrne and
Russon, 1998; Tomasello, 1999; Heyes, 2009; Shea, 2009; Whiten et al., 2009) the outcomes of
various means of social learning on patterns of artifactual variation are not well studied empirically.
If imitation as a mechanism of social learning is no more effective at lowering mutation rates (i.e.,
copying errors) compared to emulation, then its relevance to the Acheulean is questionable.
As noted earlier, emulation is a mode of social learning that involves copying only the behavioral
outcomes or “result(s)” of an another individual’s behavior and, therefore, does not involve direct
copying of the behavioral actions or “techniques” employed by that individual to bring about that
result (Tomasello, 1987; Nagell et al., 1993; Whiten et al., 2004). Emulation has, therefore, also been
referred to as “end-state” copying (e.g., Whiten et al., 2009: 2419; Caldwell et al., 2012), which in
the case of an artifact would obviously be its overall form and intrinsic properties. Conversely,
imitation (Thorndike, 1898) is classed as a distinctive mode of social learning because it also
involves the learner directly copying the detailed techniques and behavioral actions of another
individual in order to bring about the same “result” (see e.g., Whiten et al., 2004). Given these
contrasts, there have been suggestions that imitation will lead to greater fidelity in behavioral
outcomes because of its greater capacity for the more “complete” and “accurate” learning of both the
manufacturing actions and the actual physical properties of the artifact itself (e.g., Byrne and Russon,
1998; Tomasello, 1999; Heyes, 2009; Shea, 2009; Whiten et al., 2009). Accordingly, emulation has
been considered to be relatively poor at maintaining copying fidelity in traditions, and as such, would
not (theoretically) have the same capacity to sustain behavioral patterns over the course of time as
imitation (Galef, 1992; Tomasello et al., 1993; Tomasello 1999). However, as we have noted, such
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assumptions have not been well tested empirically, especially in terms of how these contrasting
learning mechanisms mediate copying error during the manufacture of material artifacts, which is
obviously the issue of most relevance when it comes to understanding the factors most likely to have
been at work in forming the Acheulean.
Given this state of affairs, we (Schillinger et al., 2015) recently undertook an experiment aimed
directly at testing the outcomes of “imitative” versus “emulative” social learning mechanisms on
artifactual shape copying error. To implement this experiment, we used the method of copying the
form an Acheulean handaxe (Figure 5) from the standardized foam blocks that we described earlier.
This method effectively circumvents the health and safety difficulties of asking experimental
participants to engage in stone knapping, while also making none of the inherent demands on “skill”
or expertise that is required in the production of real handaxes, so enabling the recruitment of a
sufficient number (n = 60) of participants necessary for robust statistical analysis. Elsewhere, we
have noted that this experimental protocol for studying artifact “mutation” (i.e., copy error) is similar
in motivation, practical utility, and analytical efficacy to the use of relatively simple “model
organisms” (e.g., fruit flies) by experimental biologists to study fundamental factors of organic
evolution such as genetic mutation (Schillinger et al., 2014a, 2014b).
We divided the participants into two equal groups of 30, with an even number of males and females
in each group (see Schillinger et al., 2015 for full details). The basic task was a simple one: the
participants were asked to copy the shape of a foam “target” handaxe (Figure 5) from the
standardized block of foam (22.3×11×7.8 cm) using a plastic table knife to cut and shape the block.
The participants in each group were exposed to different learning conditions, consistent with the
overall aims of the experiment. Participants in an “emulation” condition were shown only the target
“handaxe” prior to beginning the copying task. Conversely, those in the “imitation” condition were
additionally shown a short video (4 minutes and 50 seconds) which enabled them to observe the
major techniques and sequence of procedural steps that had been used in the manufacture of the
original target model. This video was deliberately produced and edited so that prolonged exposure to
the final artifact was avoided, thus ensuring that participants in the imitation condition did not
observe the target for any longer than participants in the emulation condition prior to beginning the
task. Participants in both experimental conditions were provided with one full minute to handle and
inspect the model prior to making their copy. During this phase, they were advised to pay attention to
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the overall form, dimensions, and shape properties of the model “handaxe”, but were instructed to
prioritize copying the shape of the model. In both conditions, the target model remained with the
participants at all times, thus controlling for potential memory effects (e.g., Eerkens, 2000). The
participants were also permitted to compare their replica with the model at any point they desired
while undertaking the task, although use of measuring instruments (e.g. rulers) was prohibited. In
both conditions, 20 minutes were allotted in order to complete the task, a timeframe which prior
experiments had indicated was ample to conduct the task effectively (see Schillinger et al., 2014b).
Following the experiment, all of the replicas were subjected to morphometric shape analysis (size-
adjusted data), so that copying error in each condition could be compared statistically. A dataset of 42
morphometric variables was obtained for each handaxe (including the target model) using a
standardized orientation protocol (Schillinger et al., 2014b, 2015). The measurements obtained via
this method take account of artifactual variation in both plan and profile views (Figure 5). Because
the primary objective of the experiment was to investigate the effects of contrasting social learning
mechanisms on shape properties, all raw data were size-adjusted via the geometric mean method
(Jungers et al. 1995; Lycett et al. 2006). Following size-adjustment, shape error was computed for
each specimen by simply subtracting the value of its 42 shape variables from the equivalent values
obtained for the target model (Schillinger et al., 2015). Finally, mean shape errors were computed for
each of the 42 variables for all of the handaxes produced in the two experimental conditions. These
42 mean error rates were then compared for statistically significant differences using a conservative
nonparametric Mann-Whitney U test (α = 0.05). It was predicted that if the distinct learning
conditions in each of the two experimental cohorts were having pertinent effects, then this should
result in significantly different rates of copying error in the “handaxes” produced by each group.
Additionally, video data of participants undertaking the task were analyzed, specifically to determine
whether participants in the imitation condition employed the behaviors they had seen in the video
demonstration to a significantly greater degree than participants in the emulation condition. Thus, the
purpose of this analysis was to formally test that any statistical differences in copying error in the two
groups could indeed confidently be attributed to differences in the social learning contexts provided
to each group. A “copying fidelity” scoring system was developed, which systematically compared
the manufacturing behavior exhibited in the demonstration video to that of the participants. The
fidelity coding system ranged from 0‒7, with a score of seven indicating an optimal level of
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correspondence with the demonstration video, while zero indicated the lowest level of behavioral
correspondence. In essence, this “fidelity” scoring system was based on the combination of three
factors: (1) the number of behaviors exhibited by a participant that were also present in the model
video, which we termed “matched behaviors”; (2) adherence to sequence; and (3) the number of
behaviors exhibited by a participant that did not appear in the video, which we termed “aberrant”
behaviors. To test whether there were statistically significant differences in fidelity scores between
conditions (i.e., frequencies of the categories), we used a Pearson chi-square test. In addition, we
undertook a statistical examination of just the “matched behaviors” (i.e., the first element of the
combined scoring system) using a nonparametric Mann-Whitney U test.
Schillinger et al. (2015) found that the extent of shape copying error (Figure 6) was significantly
lower in the imitation learning condition compared with the emulation condition (U = 652; Monte
Carlo p = 0.0383). Hence, consistent with theoretical predictions, the results of this experiment
demonstrate that imitative social learning (i.e., copying of behavioral actions used to achieve a goal)
can significantly reduce copying errors seen at the artifactual level compared with emulative social
learning (i.e., copying just the artifact). Importantly, the results of the video analysis also identified a
significant difference in the frequencies of fidelity code scores seen across the two experimental
conditions (χ2 = 26.065; Monte Carlo p = 0.0001), with 77% of the emulation cohort achieving scores
in the lowest two categories, while only 27% of the imitation cohort achieved scores in this range.
Likewise, the analysis of “matched behaviors” demonstrated that participants in the imitation cohort
exhibited manufacturing behaviors corresponding to those seen in the video significantly more so
than the participants in the emulation cohort (U = 115; Monte Carlo p = 0.0001). Hence, the video
analysis demonstrated that participants in the imitation condition more closely matched the
demonstrated behaviors compared to the emulation cohort.
 
In sum, Schillinger et al.’s (2015) results demonstrate that imitative social learning conditions—
whereby a learner directly utilizes at least some of the techniques and procedures used by another
individual—can significantly reduce copying error rates compared to emulative social learning
mechanisms. Moreover, the video analysis confirmed that participants in the imitation condition
more closely matched the observed behaviors compared to participants in the emulation condition. In
other words, this analysis confirmed that differences in social learning mechanism—specifically,
copying the behavior of another individual—directly translates into statistically different rates of
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copying error at the artifactual level. It is notable that these differences emerged even despite the
simplicity of the task compared with real handaxe manufacture, whereupon the advantages of seeing
the behavior of another can reasonably be expected to be less potent. Indeed, it is interesting to note
that individuals in the imitative-learning group did not copy the behaviors they had observed in the
video perfectly; errors in behavior matching, procedural sequence, and use of aberrant behaviors
were all evident (Schillinger et al., 2015). Importantly, however, the results of this experiment
demonstrate that even despite imperfect imitation, even flawed copying of the witnessed behaviors
still translated into significantly reduced copy-error rates in the artifacts produced.  Moreover, these
effects were “immediate” in the sense that the participants only had one attempt at the task, which is
particularly important in relation to potential effects on copying error in a dangerous learning
environment where rapid and effective learning would be most desirable. That is, the experiment
shows that even imitating the behavior of another individual with less than 100% accuracy, has the
capacity to more quickly and effectively bring about the appropriate result (i.e., reduced copying
error), which would be important in any context where less effective results would have direct, and
potentially dangerous, costs.
Discussion
The foregoing experimental studies illustrate that multiple, opposing factors are likely to have both
generated and constrained variability within the Acheulean in terms patterns of handaxe variation. To
understand this phenomenon at a broad scale and move forward with further comparative work, what
is needed is a framework that can accommodate these multiple, different (microevolutionary) forces,
yet also reconcile the multiple facets of the empirical (macroevolutionary) Acheulean record. 
Recently, Lycett and von Cramon-Taubadel (2015) have argued that “quantitative genetics”
principles, drawn from biology, may be extremely useful in the case of lithic artifacts, directly
because of a need to reconcile multiple, and sometimes seemingly contradictory, forces that may act
in causing and guiding patterns of variation. The foundation of quantitative genetics stems from a
small number of fundamental principles, the primary of which is that the variation exhibited in the
physical characteristics (or “traits”) of a population of organisms can be modeled as deriving from
both genetic (i.e., heritable) and environmental (i.e., nonheritable) components (Falconer and
Mackay, 1996; Lynch and Walsh 1998). “Environment” in this instance refers to any factor (e.g., diet,
activity patterns, exposure to pathogens) that has an effect on the physical (i.e., phenotypic)
differences between individuals other than genetic factors. For instance, two individuals with the
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same genetic disposition for a characteristic such as “height” will obviously not grow to be equally
tall if one experiences lengthy bouts of malnutrition during development while the other does not.
Moreover, life history or “senescence” effects must also be considered; the length of a bird’s beak,
for instance, may grow atypically long due to lack of wear in captive situations (Fox, 1952),
indicating that extent and pattern of usage is an “environmental” factor that will affect variation
within such features. Under a quantitative genetic framework, the total variation (VP) for a
measurable, physical trait for any given population would thus be modeled as:
VPhenotype = VGenetic + VEnvironment,
where VG is the proportion of the total variation in a given trait controlled by genetic factors, and VE
is the proportion of the overall variation caused by environmental factors (see e.g., Falconer, 1960).
All that is required for the trait to be amenable to evolutionary forces (e.g., drift or selection) in this
model is that some portion of the total variation within the population is at least partly controlled by
a heritable (i.e., genetic) component. One factor to note here is that genetic and environmental
components of variation are not set up as unconditional alternatives: it is VG plus VE, not VG or VE.  In
essence, the quantitative genetics framework is simply a way of expressing how both heritable and
nonheritable sources of variation can be taken into account as separate subcomponents of the total
amount of variation that is physically measurable in a given, empirically observable, trait.
Similarly, in the case of handaxes, multiple specific factors might also cause variation at the
assemblage level, and not all of this variation is necessarily heritable in cultural evolutionary
systems. Raw material factors, of the type discussed earlier (i.e., internal and external properties of
raw materials) would constitute one potential source of “environmental” variation, even within a
cultural system where social learning is providing a source of heritable continuity. A further potential
source of variability affecting stone tools such as handaxes is resharpening (Frison, 1968; Dibble,
1984; McPherron, 1999). That is, as a stone tool is blunted or damaged through use, subsequent
resharpening or retouching might affect the form of lithic artifacts that eventually enter the
archaeological record.
Thinking about an entity such as the Acheulean clearly requires a framework that can incorporate and
reconcile multiple heritable and nonheritable sources of variation within a single scheme. As Lycett
and von Cramon-Taubadel (2015) have noted, however, in the light of a quantitative genetic
framework, we can model variation in a set of lithic artifacts as:
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VArtifactSet = VCulture + VRawMaterial + VReduction,
where VCulture is the proportion of overall variation within a set, i.e. “population,” of artifacts
controlled by cultural factors, VRawMaterial is the proportion of the variance caused by raw material
factors, and VReduction is the proportion of total variation attributable to reduction factors. As in the
biological case, all that is required for a trait to be amenable to evolutionary forces (e.g., drift or
selection) in this model is that the total variation of any given trait is at least partly controlled by
heritable (i.e., socially learned) factors (Figure 7).
It should be noted that VCulture can include anything that is inherited by individuals (or is at least
potentially heritable) via any mechanism of social learning, consciously or otherwise, such that it
comes to propagate and influence the manufacture and final form of artifactual traits. In the case of
lithic artifacts, these could include various “process controls” (sensu Patten, 2005: 55; 2012), such as
methods of platform preparation, faceting, angle choice, use of soft hammers, etc. They might also be
comprised of social conventions that influence the mean size and/or shape of artifacts, either for
functional or aesthetic reasons, or simply unconscious convention. Indeed, it is important to stress
that while some of these socially learned influences on stone artifact form may be consciously
imposed by knappers (as in the use of “process controls”), other socially learned factors that come to
influence statistical patterns of variation in different populations of manufacturers may be entirely
unconscious in nature. In this sense, statistically identifiable patterns in artifacts may reflect either
functional parameters or nonfunctional parameters, or may be the result of conscious or unconscious
actions on the part of individuals and communities. There is no stipulation on these matters for a
particular statistical pattern to qualify as “cultural” under this framework.
In biology, one of the important implications of a quantitative genetics framework is that it can be
used to establish a quantitative concept of “heritability” for empirically measurable traits even though
not all of the variability manifest in those traits is actually heritable (Falconer and Mackay, 1996;
Roff, 1997; Lynch and Walsh, 1998; Conner and Hartl, 2004). Indeed, the quantitative parameter of
“heritability” is the key to understanding, and explaining, evolution given the complexities of
continuous data under these conditions (reviewed in Lycett, in press). This is because this parameter
relates directly to the role that factors such as selection (of any form) and/or drift might have on the
variance and mean value of a trait measured across time or space. In terms of a metric biological
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phenotypic trait (e.g., “length” of a skull, or beak “shape”), the heritability of the trait (notated as H2)
is the proportion of the total phenotypic variance across the population (i.e., VP), expressed as a ratio
of the variance attributable to genetic factors (i.e., VG). Hence, simply:
H2=
V G
V P
The use of the squared symbol here is a reminder that the parameter of heritability is based on the
descriptive statistic of variance (i.e., the standard deviation squared) in terms of the two variables
used to compute it. Because the denominator (VP) is inevitably larger than the numerator (VG),
heritability values always range between 0 and 1. (Note, that due to complications that do not
concern us here, the parameter described above is strictly referred to as “broad sense” heritability,
which is often contrasted with “narrow sense” heritability, or h2 in biological usage.)
In quantitative genetic terms, therefore, the “heritability” of a biological quantitative trait is the
degree to which variation in that trait (measured across a group of individuals) is determined by
genetic factors, expressed as a ratio of the degree to which variation in that trait is also determined by
additional (i.e. nonheritable) factors (Lycett, in press). Because total phenotypic variance (VP) is the
sum of both genetic and environmental components (i.e., VG + VE), one of the main factors affecting
the value of H2 is the extent to which variation in the trait is determined by nonheritable (i.e.,
“environmental”) factors. In cases where environment is having a relatively large effect, the
computed value of H2 will decrease. If, hypothetically, H2 = 0, then offspring have no heritable means
of resembling their parents in that trait and so evolutionary forces (e.g., selection or drift) cannot
influence changes in the mean value and/or variance of that trait. In cases where H2 has a value
approaching 1, selection or drift has the greatest potential to produce change in the mean and/or
variance values of that trait in subsequent generations. Understanding this ratio is, therefore,
fundamental to understanding the relationship between how things look in one generation, compared
to how they might look in the next generation once drift and/or selection has done its work.
Under this framework, the potential capacity for evolutionary change in a given trait can be
expressed mathematically by what is referred to as “breeder’s equation” (see e.g., Conner and Hartl,
2004). The breeder’s equation calculates what is termed the “response to selection” (R), using the
“selection differential” (S), which is simply the difference between the mean value of the entire
population and the mean of those individuals who are not subject to negative selection. It is, then,
computed as:
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R = H2S. 
The “response to selection” (R) is, therefore, a value that describes the magnitude of evolutionary
change in the mean value of a trait, given the heritability of the trait, and the potency of selection (or
random sorting in the case of drift) on the parent generation. The computed value obviously increases
when either the strength of selection (S) increases, and/or the heritability (H2) increases. As long as
both values are not zero, changes in the mean value of the trait can occur.
The importance of these principles for understanding Acheulean handaxe variation may be illustrated
via a simple hypothetical example. Imagine a hypothetical set of 10 Acheulean handaxes that vary in
a given quantitative trait, such as “length.” Although for the sake of illustration, the size variable of
“length” is used in the following computations, the same steps could be undertaken for any
quantitative (morphometric) character that varies continuously, including size-adjusted shape
variables. Imagine that the mean length of our 10 hypothetical handaxes is 13.35cm and the variance
(σ2) is 6. Given the framework outlined earlier, we can therefore compute heritability (H2) for this set
of handaxes as:
H2=
V C
V AS
,
where, as before, VArtifactSet is the total variance of the trait across the artifact set, and VCulture is the
proportion of that variation that can be attributed to cultural factors. Let us assume that raw material
(VRawMaterial) accounts for 30% of the total variation; it should be noted that this percentage is not
entirely inconsistent with real archaeological data given the accuracy with which handaxes can be
correctly assigned to their correct localities in multivariate analyses (e.g., Lycett and Gowlett, 2008;
Lycett and von Cramon-Taubadel, 2015). Given therefore that VArtifactSet = 6, we can determine that
VCulture = 4.2 (i.e., 70% of total variation). Given these values, we can compute heritability (H2) for the
trait of “length” in this set of handaxes as:
H2=
V C
V AS
=4.2
6.0
=0.7
Given this heritability value, let us assume, hypothetically, that either selection or random
(stochastic) factors cause the largest five handaxes to be preferentially copied. We can thus compute
the “selection differential” (S), as the difference between the mean value of the entire population
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(13.35cm) and the mean of the five individuals who are not subject to negative selection (say
15.5cm).
Given these variables, we can compute the response to selection (R) as:
R = H2S 
= 0.7 × (15.5 ‒ 13.35) 
= 0.7 × 2.15
= 1.505
Put another way, we can predict that the mean length in handaxes would increase in the next
“generation” by ~1.5cm over that exhibited in the previous “generation.” If this were repeated over
just five generations, the mean length of handaxes would have increased by 7.5cm; that is from 13.35
to 20.85cm. This is despite the fact that not all of the variation is controlled by behavioral factors,
and that 30% of the total variance is determined by raw material factors. It is important to note that
the change in mean values will not, however, necessarily lead to a change in overall variance levels
on the population level. This is because “environmental” factors (in this case, raw material) will
continue to exert an effect on variation at the assemblage level, as will copying error, individual skill
differences, etc. 
We have discussed these issues at some length because the experimental results described in earlier
parts of this paper have direct implications for this framework, particularly in terms of thinking about
its consequences for understanding variation within the Acheulean. For instance, we have noted that
imitation as a mechanism of social learning within handaxe producing populations would reduce the
effects of inevitable copying errors that arise in reductive knapping processes, especially traditions
involving a specific shape component (Schillinger et al., 2014a, 2015). Moreover, we have noted that
in addition to this, the costs (i.e., dangers) of knapping handaxes would have encouraged imitation as
a means of increasing the effectiveness of social learning, in order to actively reduce these costs
(Lycett et al., 2015). As we have discussed, comparative studies from a diverse range of animal taxa
indicate that social learning will increase whenever the costs of asocial learning are higher (e.g.,
Mineka and Cook, 1988: Chivers and Smith, 1995; Kelley et al., 2003). Under these circumstances,
therefore, monitoring the visible payoffs of knapping events by others, and copying successful
outcomes would have been an optimal strategy. Indeed, the copying of what Patten (2005: 55; 2012)
refers to as “process controls,” i.e., behaviors that lead to an improved consistency of knapping
outcomes, would have made particularly effective targets for imitation under such conditions. In
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quantitative genetic terms, what this would actually have done, is that relative to the effects of raw
material, the overall proportion of variation within the assemblage controlled by behavioral factors
would be increased; in other words, heritability (H2) increases overall via imitation. This is also
consistent with the results of our experimental study examining the effects of raw material on lithic
artifact variation (Eren et al., 2014). As we have stressed, it is not that raw material should be
considered to exert no potential effect, simply that the capacity for behavior to overcome raw
material “constraints” is potentially strong. One implication here is that rather than merely discussing
raw material as an absolute determining factor, it is that the relative proportion of variability due to
socially learned factors as opposed to raw material factors becomes the more important issue. This
could facilitate a new look at spatial and temporal patterns in Acheulean handaxe variation; for
instance, whether such proportional relationships change over the timespan of the Acheulean, as the
imitative learning of new practices (e.g., new platform preparation techniques and/or the use of soft
hammers) increases (see e.g., Stout et al., 2014). In other words, a prediction might be made that the
overall relative contribution of raw material to total variation in handaxe assemblages might change
over the course of the Acheulean, as a direct result of cultural and biological change over the million
(plus) years of its timeframe.
Equally, however, the experimental studies we have discussed have indicated something of the
inherent instability of handaxe traditions, as a direct result of the ever present factor of copying error
(Kempe et al., 2012; Schillinger et al., 2014a, 2014b). Indeed, even in our study of raw material,
using just a single expert knapper, copying error was present even though this was not systematically
determined by raw material (Eren et al., 2014); in other words, even at the level of an expert
individual, no handaxe was an exact copy of another. This does, however, bring the major question
regarding the “stability” of the “Acheulean” back full circle. Indeed, as our discussion of the
parameter of “heritability” demonstrates, in a situation where imitation is providing a means of social
replication, yet sources of variation (i.e., artifactual mutation via copying errors) are ever present,
then, profound change via drift and/or or selective “radiation” of new tool forms would be a
predicted outcome (see e.g., Kempe et al., 2014), precisely due to the evolutionary mechanisms that
we have outlined. Indeed, the combination of high mutation and high potential for variation to be
heritable would lead to what biologists call a high capacity for “evolvability” (e.g., Ridley 2004:
587). 
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The paradoxical character of the Acheulean as a feature of the Pleistocene that exhibits both stability
and variability has been discussed on many occasions. Glynn Isaac’s phrase of “variable sameness”
(see e.g., Gowlett et al., 2001: 612) captures the fact that examination of the “Acheulean” requires
discussion of both continuity within a framework that also adequately account for capriciousness.
“Variability” at the level of the Pleistocene, however, extends beyond merely variation within and
between assemblages of handaxes to a phenomenon that even demands the explanation of the
“absence” of handaxes, as is the case with the Clactonian of Britain or the “patchiness” of handaxe
production east of the so-called “Movius Line.” Indeed, concepts of “variability” over the course of
the Pleistocene might also need to take into consideration long-term trends that take place, such as
changes in the form and symmetry that some argue to occur during the “Late Acheulean” (e.g., Clark,
1994; Wynn, 2002; Beyenne et al., 2013; Stout et al., 2014). Hence, “the Acheulean” is comprised of
an amalgam of long-term, short-term, local, and continental trends, all of which need to be
recognized and accounted for. To maintain functional integrity of the handaxe “bauplan” (sensu
Lycett and Gowlett, 2008) there are obviously limits to artifactual variability (Figure 8). The
experiments described earlier indicate that imitation was a mechanism by which this integrity of form
(as attested archaeologically by the “Acheulean”) was maintained, yet also highlight the role of
copying errors, the presence of which provided necessary fuel for either drift or selection over
intermediate spans of space and time (Figure 8). This pattern is what Isaac (1972) referred to as the
“random walk” of Acheulean variation, or what more recently Crompton and Gowlett (1993: 177)
termed a zone of “free play” within which handaxe traits may vary. It is important to note, however,
that it would be possible for some traits within this framework to be under either long-term or short
term selective pressures, while still other traits were undergoing drift (Lycett, 2008). Indeed, this
pattern may actually be apparent in a range of functional lithic technologies, and resembles the
“wiggle room” that has recently been discussed in the case of Clovis projectile technologies in North
America (Eren et al., 2014: 168). 
While many aspects of this explanatory framework (Figure 8) for Acheulean variation are not
therefore new, experiments of the type we have outlined, and the microevolutionary perspective they
provide, give new and more precise insights into the mechanisms that underlie this pattern. Indeed,
the role that they play in highlighting the “stabilizing” effect of imitative learning mechanisms in the
face of a steady mutation rate caused by inevitable copying errors, emphasizes the importance of
skilled knappers being present within “Acheulean” hominin communities in terms of continuity of
tradition. In a situation where mutation leads to a tendency toward disintegration, expansions into
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new areas would have implications for “cultural bottlenecks” resulting from founder effects, such as
may occur at the limits of Acheulean expansion, for instance in Britain and East Asia (Lycett and von
Cramon-Taubadel, 2008). Indeed, the role of founder effects resulting from dispersal, topographical
barriers, and/or ecological factors (Lycett and von Cramon-Taubadel, 2008; Smith et al., 2009; Lycett
and Norton, 2010) is re-emphasized in the light of our experiments on imitation.
Conclusion
The so-called “Acheulean” represents a pattern of repeated hominin behavior (biface production)
over wide spans of space and time. It correctly attracts our attention because, as such, it is a major,
macroscale feature that provides both challenge and opportunity in terms of a means of comparative
behavioral analysis, and in terms of demanding explanation of all its vagaries, including the “spaces”
and vicissitudes of variability that take place within it. Any major archaeological patterns that we see
on a temporal and/or geographical level, however, inevitably begin at the level of the individual—the
individual artifact and the individual knapper. Understanding microevolutionary factors will,
therefore, be essential in understanding the macroscale patterns we observe. Here, we have
synthesized a range of experimental results that provide insights into the microevolutionary processes
likely to have played a role in constituting the Acheulean record. These experiments provide a new
perspective on the role of issues such as raw material, copying errors, and social learning
mechanisms and how these will have interacted to constitute the long-term, short-term,
geographically widespread, and localized patterns that are conflated under the term “Acheulean.” In
other words, they give insights into the precise factors that both generate and constrain variation at a
multiplicity of scales. In the future, we contend, further experiments of this type will, therefore, form
an essential role in adequately analyzing and understanding the phenomenon we have traditionally
referred to as “the Acheulean,” especially when combined with the flexibility provided by a
“quantitative genetic” approach to the cultural evolution of such phenomena.
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Figures
Figure 1: The “target” model handaxe, which the expert knapper aimed to copy in flint, basalt, and
obsidian raw materials (from Eren et al. 2014).
33
Figure 2: Plan (upper row) and profile (lower row) comparisons of the model “target” handaxe to the
least, average, and most copy error handaxes in the flint (red outline), basalt (blue outline), and
obsidian (green outline) raw materials (from Eren et al. 2014).
34
Figure 3:  (a) Principal co-ordinates 1 and 2 of morphometric shape data plotted against each other,
show variation in the three raw materials compared to the target model handaxe. (b) PC1 and PC3
plotted against each other (from Eren et al. 2014). Respectively, the first three PCs account for
36.4%, 12.1%, and 11.0% of total shape variance. Note the position of the model handaxe, close to
the center of the distribution in each of these two plots.
35
Figure 4: The cumulative effects of copying error. Plan view (a) and profile (b) views of shapes produced
by 15 participants copying the shape produced by a previous participant in the form of a “transmission
chain” (starting model “handaxe” shown upper left). Each copy in the chain was shaped from
standardized, high density foam blocks (22.3×11×7.8 cm) using a plastic table knife. Despite the fact that
the production of these shapes requires no specialized skills or knowledge, disintegration of the initial
“handaxe” shape is readily visible over the course of this transmission chain.
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Figure 5:  Foam “handaxe” provided to participants to copy in the imitation versus emulation
copying experiment (Schillinger et al. 2015). 
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Figure 6: Mean levels of shape copying error in the emulation versus imitation conditions of
Schillinger et al. (2015). Whiskers mark in each case mark +/- one standard error.
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Figure 7: “Quantitative genetic” model of influences on handaxe variation in two different
assemblages (see Lycett & von Cramon-Taubadel 2015). The total variance of a given trait (e.g.,
handaxe “width”) measured in different sets of lithic artifacts may be the result of combined effects of
socially learned factors, raw material factors, and differential reduction. Patterns of variation in different
sets of artifacts may overlap in total variation, but still exhibit statistically significant differences in mean
( X´ ) variation. Note that the particular order of the alternative sources of variation here is schematic;
in some instances, raw material or culture may be a more prominent sources of within-population
variation rather than reduction, for instance. As long as there are heritable (i.e., cultural) behaviors
underpinning the expression of a given trait, then, cultural evolutionary factors (selective biases or drift)
can lead to exaggerated differences between populations over the course of subsequent transmission
events, even in the face of considerable overlap between assemblages due to non-heritable factors.
39
Figure 8: While there will inevitably be practical limits on the potential variability that functionally
viable “handaxes” can exhibit, there is still potential for variability, which may fluctuate over the
course of time and space (see e.g., Isaac, 1972; Gowlett et al., 2001). Our experiments highlight the
role of imitation in maintaining general integrity over the course of time in this model, ameliorating
the effects of copying error. Drift and/or selection will, however, lead to divergences of pattern,
statistically attestable over long-term, short-term, local, and more geographically widespread levels.
Principles drawn from quantitative genetics demonstrate how such patterns may occur, even in the
face of variability caused by nonheritable factors such as raw material and/or resharpening (see
Figure 7). 
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